Abstract a-Glucan debranching enzymes hydrolyse a-1,6-linkages in starch/glycogen, thereby, playing a central role in energy metabolism in all living organisms. They belong to glycoside hydrolase families GH13 and GH57 and several of these enzymes are industrially important.
Introduction a-Glucan debranching enzymes are an important group of glycoside hydrolases playing a role in the energy metabolism of all living organisms by hydrolysis of a-1,6-glucosidic linkages in a-glucans. The term a-glucans, here, refers to polysaccharides consisting of glucose units connected by a-1,4-glucosidic linkages and which can contain a-1,6-branch points. Amylopectin and glycogen are the dominating branched a-glucans in living organisms, while the linear pullulan molecule produced by the fungus Aureobasidium pullulans resembles the branched a-glucans, as it consists of a-1,4-linked maltotriose repeats connected by a-1,6-linkages ( Fig. 1 ) [1] . Amylopectin, the major component of starch, is made up of hundreds of shorter a-1,4-glucan chains connected by a-1,6-branch points. Amylopectin is organised together with amylose, an essentially linear a-glucan, in the semi-crystalline starch granules (see [2] for a recent review on starch). Glycogen is the animal, fungal and bacterial counterpart to amylopectin, but it is more extensively branched [3] .
Starch and glycogen constitute the major energy source and storage in higher plants and microorganisms/animals, respectively. Generally, a-glucans are degraded in a series of reactions catalysed by several enzymes hydrolysing either a-1,4-and/or a-1,6-glucosidic linkages. a-1,6-Linkages are hydrolysed by glycogen debranching enzymes (GDEs; EC 3.2.1.68 and 3.2.1.33), isoamylases (ISAs; EC 3.2.1.68), and type I pullulanases (PULIs; EC 3.2.1.41) (Table 1) . Furthermore, type II pullulanases (PULII; also known as amylopullulanases) show a-glucan debranching activity along with endo-a-1,4-glucan hydrolase (a-amylase) activity (EC 3.2.1.1 and 3.2.1.41), i.e. they hydrolyse both a-1,4-and a-1,6-linkages in a-glucans (Table 1 ). In addition to these classical a-glucan debranching enzymes, we will briefly cover the so-called oligo-and glucan-1,6-a-glucosidases (EC 3.2.1.10), hydrolysing a-1,6-linkages in isomaltooligosaccharides and dextran-an essentially linear a-1,6-glucan, together with the pullulan hydrolases (EC 3.2.1.133 and 3.2.1.135), catalysing hydrolysis of a-1,6-and/or a-1,4-glucosidic linkages in pullulan and starch.
The present review has emphasis on structure-function relationships, protein sequences and structural features important for substrate specificity of a-glucan debranching enzymes. This includes an overview of the modular architecture and detailed reports on catalytic domains and carbohydrate binding modules (CBMs) of different enzymatically characterised and structure-determined a-glucan debranching enzymes. A bioinformatics analysis covers conserved regions shared among all the glycoside hydrolase family 13 (GH13) and GH57 enzymes, and signature sequence regions that distinguish specific classes of aglucan debranching enzymes.
Classification of a-glucan debranching enzymes a-Glucan debranching enzymes belong to two glycoside hydrolase families, GH13 and GH57, according to the carbohydrate active enzymes (CAZy) database classification system (http://www.cazy.org/) that assigns enzymes and CBMs into families sharing structural fold and stereochemistry of the catalytic mechanism. The classification is based on the protein sequence [4] .
GH13, also known as the a-amylase family, is one of the largest GH-families in CAZy with more than 28,300 protein sequences. GH13 features 22 different substrate specificities involving a-glucosidic linkages including hydrolases, transglucosidases and isomerases [5] . Overall, GH13 members have very limited sequence similarity. Thus, only four short sequence regions are conserved (see below), and different substrate specificities can have different signature motifs [6] . All GH13 enzymes are retaining enzymes and have a catalytic TIM barrel [(b/a) 8 barrel] domain [7] with three invariant catalytic site residues: Asp (nucleophile/base), Glu (proton donor) and an Asp participating in distortion and stabilisation of the transition state. GH13 has been divided into subfamilies using a combination of cluster analysis, sequence similarity and phylogeny that reflect correlation of protein sequences and substrate specificities [5] . The a-glucan debranching catalytic domains occur in eight GH13 subfamilies (Table 1) : GH13_11, ISAs and GDEs; GH13_12-14, PULIs; GH13_20, pullulan hydrolases; GH13_25, bifunctional GDEs from eukaryotes; GH13_31, oligo-and glucan-1,6-a-glucosidases; and GH13_39, PULIIs from extremophiles; while GH13_41 contains a-amylase domains of amylase-pullulanases (see below) having two separate catalytic domains of which the pullulanase domains belong to GH13_12 and 14 or are not yet assigned to a subfamily. Crystal structures are available for the mentioned subfamilies except GH13_25, GH13_39, and GH13_41 (Table 1) .
The enzyme specificities of GH57 include a-amylase, amylopullulanase (PULII), branching enzyme, 4-a-glucanotransferase, and a-galactosidase [8] . Currently, GH57 includes 1345 members from archaea (1/4) and bacteria (3/4) (mostly extremophiles) [4] . Not all members are expected to be active enzymes, since some of the sequences lack one or both catalytic residues [9] . GH57 enzymes, representing the different enzyme specificities have been biochemically characterised [8] . Among these are several PULIIs (see section below). Four GH57 enzymes have been structure determined (an a-amylase, a 4-a-glucanotransferease, and two branching enzymes) [4] . A fifth enzyme referred to as a GH57 maltose-forming aamylase has been structure determined (PDB entry 4CMR) [10] , however, it is non-classified in CAZy [4] . The GH57 enzymes have a catalytic (b/a) 7 -barrel domain and use a retaining mechanism with Glu and Asp as nucleophile/ base and proton donor, respectively [11, 12] . The sequences show five conserved regions, and it has been suggested to subdivide GH57 to reflect enzyme specificities [11, 13, 14] . A search in the conserved domain database (CDD) [15] including all full-length GH57 protein sequences (1283) gave 383 with a PULII domain (domain classification in CDD: GH57N_APU, sequence cluster: cd10796 and domain: GH57N_APU_like_1, sequence cluster cd10797), therefore, they most likely have PULII specificity.
Isoamylases and glycogen debranching enzymes GH13_11 enzymes
A large diversity is found within the subfamilies of GH13. This is particularly true for GH13_11, that is formed by a very diverse group of a-glucan debranching enzymes and GH13_11 has been suggested to be further subdivided. The specificities in GH13_11 are ISAs and GDEs hydrolysing a-1,6-branch points in amylopectin, glycogen, and See Tables S1 and S2 for details on kinetic constants and relative specific activities of characterised GH13_11-14, GH13_39, and GH57
Structure and function of a-glucan debranching enzymes 2621 products thereof generated by the action of b-amylase (blimit dextrins) [16] . Unlike pullulanases, enzymes in GH13_11 do not hydrolyse a-1,6-glucosidic linkages in pullulan, but require an a-1,6-linked branch on an a-1,4-glucan main chain for activity. ISAs from plants, algae and the Gram-negative soil bacterium Pseudomonas amyloderamosa often encode more than one isoform which may operate in multimeric complexes composed of different ISA isoforms [17, 18] . The GDEs are widespread among bacteria and an a-helix (helix 4) situated near the active site can serve as a useful signature to distinguish GDEs from ISAs and pullulanases [19] . Furthermore, a loop (loop 4) might define substrate preference; thus a short loop 4 is associated with preference for limit dextrins, while a longer loop 4 indicates specificity for larger branched a-glucans [17, 20] . This feature, however, might not adequately capture ISAs and GDEs, as variation in loop 4 length is observed among ISA isoforms from the same organism [17] .
GH13_11 structures
Four GH13_11 enzymes are structure determined (Table 1) : ISAs from a bacterium; P. amyloderamosa (UniProt P10342) and a eukaryote; Chlamydomonas reinhardtii (GenBank AAP85534), and GDEs from Escherichia coli and Sulfolobus solfataricus. Five more GH13_11 members have been enzymatically characterised: GDEs from Sulfolobus acidocaldarius (BAA11864) [21] , Sulfolobus shibatae (AAM81590) [22] , Corynebacterium glutamicum (BAB99500) [23] and Flavobacterium sp. (AAB63356) [24] , and an ISA from Oryza sativa (BAA29041) [25] . The GH13_11 crystal structures display the same overall multimodular organisation: an N-terminal carbohydratebinding module family 48 (CBM48) (see section below), the catalytic domain, and a C-terminal b-sandwich domain (Fig. 2) . Most GH13 enzymes contain this C-terminal bsandwich domain. Its function in relation to debranching is unknown, but C-terminal domains in other GH13 enzymes, e.g. GH13 branching enzymes, are shown to be involved in substrate binding [6, 26, 27] and/or shielding hydrophobic residues of the catalytic domain from solvent contacts [28] . In GH13_11 ISA from C. reinhardtii the C-terminal domain participates in dimerization [16] .
The GH13_11 crystal structures illustrate structural and substrate specificity diversity within GH13_11 [19, 29, 30] . Noticeably, they show different oligomerization states: P. amyloderamosa and C. reinhardtii ISAs being a functional a-1,6-glucosidase monomer and dimer, respectively. Oligomerisation is also important for activity of S. solfataricus GDE, that has both a-1,6-glucosidase and a-1,4-transferase activity, where the latter is related to the oligomerisation state, since the tetramer showed a-1,4-transferase activity, while the dimer did not [30] .
The crystal structure of C. reinhardtii in complex with maltoheptaose (PDB entry 4OKD) revealed the presence of two surface binding sites (1 and 2), which are non-catalytic carbohydrate binding sites found on the surface of the catalytic domain that interact with sugar rings via stacking interactions with aromatic residues [31] . These sites are located at the reducing end of the active site cleft and at the interface of the catalytic and C-terminal domains [16] . The two tryptophans forming surface binding site 1 (Trp757 and Trp 767) are conserved in all GH13_11 protein sequences based on a multiple sequence alignment of catalytic domains, while surface binding site 2 (His794, Trp652 and Trp856) is not conserved.
GH13_25 glycogen debranching enzymes
The GH13_25 GDEs are eukaryotic [4] , bifunctional enzymes exhibiting both transferase (EC 2.4.1.25) and glucosidase (EC 3.2.1.33) activities [32] residing in two separate active sites. The reactions are thought to be channelled from one active site to the other: first, a maltosyl or maltotriosyl residue from a glycogen branch is transferred to the main chain by the transferase active site exposing an a-1,6-glucosyl stub that in turn is cleaved off at the glucosidase active site. The transferase reaction is retaining, while the glucosidase reaction is inverting [33, 34] . There is no published structure of a GH13_25 GDE, but the transferase part of the enzymes is predicted to belong to the GH13 (b/a) 8 -barrel catalytic domain fold and have the three invariant GH13 catalytic site residues [34] . The glucosidase part has been classified into GH133, a subfamily of inverting a-1,6-glucosidases [4] . The enzymes from the other GH13 subfamilies included here and from GH57 are all retaining enzymes. Hence, GH13_25 GDEs belong to a highly specialised and atypical group of a-glucan debranching enzymes. Due to the different characteristics mentioned above and lack of a 3D structure, this review will not cover GH13_25 in detail. Fig. 2 Domain organisation (top) of the structure-determined aglucan debranching enzymes and overall structure of selected GH13_11 and GH13_12-14 (bottom). The domain assignment and the residue numbering are according to the literature references for the structures (see Table 1 ). Some of domain assignments have been updated according to CAZy [4] and in the cases where there was no primary reference for the structure, the domains have been assigned based on superimposition with other related structures. An asterisk indicates domains lacking in the crystal structures. The colour code of the structures follows the domain organisation overview. Ligands (grey) are shown as stick representation, while catalytic residues (black) are shown as spheres
Pullulanases
Pullulanases are important industrial enzymes (see the section below on application), which motivated characterisation of a large number of pullulanases (see Tables S1  and S2 for tables with specific activity and kinetic parameters of pullulanases). An immense amount of published data includes enzymes characterised at the protein level to be pullulanases, but which have no published protein sequence. Enzymes without sequence information, however, have not been included in the present review.
Pullulanases are classified as type I (PULI) and type II (PULII) depending on the specificity. PULIs hydrolyse a-1,6-branch linkages in amylopectin, b-limit dextrin derived from amylopectin, and pullulan. Some PULIs also have low activity on glycogen (Tables S1 and S2 ). By contrast, PULIIs hydrolyse both a-1,4-and a-1,6-glucosidic linkages in starch and pullulan, albeit some PULIIs only hydrolyse one of the linkage types in pullulan. PULIIs form two subgroups; one with one catalytic domain hydrolysing both bond types, and another having two catalytic domains, one being an a-amylase domain that hydrolyses a-1,4-linkages, and one PULI domain hydrolysing a-1,6-linkages. It has been suggested to formally divide PULIIs into these subgroups [35] , but lack of general acceptance renders PULII literature confusing with regard to characteristic general and specialised PULII features. PULIIs are also called amylo-or amylase-pullulanases, which appears appropriate for the two-domain PULIIs, but amylase-pullulanase has been used for both PULII types. Here, we refer to PULIIs having one and two catalytic domains as PULII_I and PULII_II, respectively. In CAZy, the different pullulanases have EC number 3.2.1.41, but where dual-bond type specificity is shown the a-amylase EC 3.2.1.1 is also given. Thus, the PULII_IIs may get typecast in GH13 both as a pullulanase and an amylase subfamily member [4] .
In summary, pullulanases are found in five different GH13 subfamilies (12, 13, 14, 39 , and 41) and in GH57. The PULIs, i.e. enzymes with a-1,6-activity only, are in subfamilies GH13_12-14, while PULIIs cleaving both a-1,4-and a-1,6-glucosidic linkages are found in all five GH13 subfamilies and in GH57.
Type I pullulanases
Pullulanases from firmicutes, especially streptococci, generally belong to GH13_12, while GH13_13 contains pullulanases from plants (eukaryotes) and bacteria mainly found in soil and water, including photosynthetic bacteria. Plant pullulanases are historically called limit dextrinases, referring to their substrate preference for limit dextrins, the hydrolysis products of amylopectin, over amylopectin.
GH13_13 appears as a branch between two GH13_14 branches of the phylogenetic tree of the GH13 subfamilies, reflecting that these subfamilies are closely related, but distinct. The main difference between them is in the length of three loops [5] . GH13_14 contains pullulanases from a range of bacteria, including bacilli. Besides the variations in loop lengths and additional inserts (see below), which are mainly phylogenetic issues, major differences between the three pullulanase subfamilies appear in the auxiliary domains associated with the catalytic domains. These differences together with other small differences in the catalytic domains reflect individual substrate preferences (Tables S1 and S2 ).
Pullulanase type I structures
Only PULIs are represented by crystal structures (Table 1) . Despite the overall high structural similarity among the multi-domain GH13_12-14 PULIs (Fig. 2) , sequence identities and similarities of pullulanases are low even for the catalytic domains. Accordingly, the GH13_12-14 enzymes differ in substrate specificity and preferences. In addition to the catalytic (b/a) 8 -barrel characteristic of GH13 [7] , the typical pullulanase architecture has one or more N-terminal domains, including CBMs (see below) and a C-terminal domain common for most GH13 enzymes (see above). These auxiliary domains are associated with specificity differences between the three PULI GH13 subfamilies. Unfortunately, one or more N-terminal domains are missing from some of the GH13_12 and GH13_14 structures (Fig. 2) . Recently, the first structure has been determined of a branched substrate in complex with a PULI, namely barley limit dextrinase (PDB entry 4J3W, Table 2 ) [36] .
Type II pullulanases
PULIIs are a very diverse group of enzymes with regard to enzymatic properties (see [37] for a comprehensive review). The PULIIs are multi-modular GH13 and GH57 enzymes having one or more CBMs in addition to the catalytic domain(s). PULIIs are not straightforward to classify in the CAZy GH13 subfamily system. In some cases, a PULII_II is assigned both to a PULI subfamily (GH13_12-14) and an a-amylase subfamily. Some PULII_Is were assigned their own subfamily, GH13_39, and very recently, 44 PULII_IIs are classified in GH13_41 governed by their amylase domain together with 11 subfamily members, having only an amylase domain. Of these PULII_IIs the pullulanase domain in 34 sequences is classified in GH13_12, and in 2 sequences in GH13_14, while 8 were not assigned to a GH13 subfamily. The majority of the GH13_12?41 PULII_IIs are from Streptococcus suis strains. Structure and function of a-glucan debranching enzymes 2625
Enzymatic properties are only reported for four PULIIs from GH13_12-14: one PULII_I from Lactobacillus plantarum (GH13_14; BAF93906) [38, 39] , and PULII_IIs from S. suis (GH13_12; CAR47543; only the amylase domain was characterised), Bifidobacterium breve (GH13_14 and GH13_32; AAY89038) and Bacillus sp. KSM-1378 (GH13_12 and GH13_41; AAS36537) [40] [41] [42] . Very recently, an a-glucan debranching enzyme from an uncultured bacterium originating from the gut of Hermetia illucens has been characterised [43] . It is partially sequenced (GenBank AGL50935), and proposed to be a PULII_II based on the enzymatic characterisation and CDD information [15, 43] . Its amylase domain is classified into the a-amylase subfamily GH13_28, while the pullulanase domain is not in a subfamily [4] . Finally, another characterised a-glucan debranching enzyme from Thermococcus kodakarensis (BAD85166) was not classified to a GH13 subfamily [4] . It was previously referred to as a PULII [44] , but recently suggested to be a pullulan hydrolase type III (see below) [45] .
GH13_39 is a small PULII subfamily of 62 full-length protein sequences from bacteria, mainly thermophiles. They have a single catalytic site, as based on a CDD search for hydrolysing both a-1,4-and a-1,6-linkages [15] . GH13_39 enzymes, however, are not uniform with regard to number and types of domains additional to the GH13 catalytic domain (see section on CBMs below). Interestingly, very recently six protein sequences having both a GH13 and a GH77 catalytic domain (GH77 harbours to specificities: amylomaltase and 4-a-glucanotransferase) were added to GH13_39 [4] . This novel type of proteins has not yet been characterised. No GH13_39 PULIIs structure is available, but GH13_39 enzymes from Alicyclobacillus, Bacillus, Geobacillus, Thermoanaerobacter and Thermoanaerobacterium have been characterised [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . For some of these the substrate bond specificity is not definite. Some are referred to as a ''high-molecular amylase'' in older literature, although they all hydrolyse both pullulan and starch. GH13_39 from Alicyclobacillus (ADZ99363) is described as an a-amylase [47] . PULII_I from Geobacillus thermoleovorans is one of the bestcharacterised GH13_39 members. It releases maltose, maltotriose and maltotetraose from soluble starch, glycogen, amylose and amylopectin, but only maltotriose from pullulan. Moreover, maltotriose and maltose were endproducts of maltopentaose hydrolysis [51] . The PULII_Is from Bacillus sp. XAL601, Thermoanaerobacterium saccharolyticum and Thermoanaerobacter pseudoethanolicus released maltose, maltotriose, and maltotetraose from starch, but only maltotriose from pullulan [48, 53, 55] . Mutational analysis confirmed that the T. pseudoethanolicus enzyme has a single catalytic site responsible for both a-1,4-and a-1,6-linkage specificity [54] . Generally, PULII_Is are only able to hydrolyse pullulan a-1,6-linkages, while PULII_IIs can hydrolyse both a-1,4-and a-1,6-linkages in pullulan [38, 39, 48, 51, 53] . However, PULII_I from Anoxybacillus sp. SK3-4 (GenBank EPZ37192) is an exception, since the degradation products from pullulan is a mix of glucose, maltose, and maltotriose [59] , and the enzyme has not been included in CAZy. It preferably cleaves a-1,6-rather than a-1,4-glucosidic bonds in pullulan [59] .
GH57 type II pullulanases
GH57 PULII_Is have been characterised from several extreme thermophilic archaea: Caldivirga [60] , Pyrobaculum [61] , Pyrococcus [62] , S. acidocaldarius [63] , Staphylothermus [64] , and Thermococcus [45, [65] [66] [67] . None of these GH57 PULII_I members have been structure-determined, but they are predicted to have a single catalytic site with dual specificity for a-1,4-and a-1,6-linkages, and no known CBMs associated with the catalytic domain [4, 15] . However, a CDD-search with the characterised GH57 PULII_Is indicated the presence of several additional domains [15] . Remarkably, Thermococcus siculi PULII_I is suggested to possess two CBM9-like domains usually found at the C terminus of xylanases [67] .
GH13_20-maltogenic a-amylases, neopullulanases, and cyclomaltodextrinases
At least 29 GH13_20 members have been characterised. They cover different substrate and linkage specificities and include maltogenic a-amylase (EC 3.2.1.133), neopullulanase (EC 3.2.1.135), and cyclomaltodextrinase (EC 3.2.1.54) (see [68] for a comprehensive review). There seems not to be any consensus in the naming of GH13_20 enzymes which in the literature appears as being close to anarchistic. Lee et al. suggested that the above three groups of GH13_20 enzymes should be perceived as one, because they are not sufficiently different to keep individual names and enzyme codes [69] .
Generally, the major substrates for GH13_20 are cyclodextrins (CD; cyclic a-1,4-linked glucose oligosaccharides), pullulan and starch. GH13_20 enzymes hydrolyse a-1,4-and a-1,6-glucosidic linkages, but not necessarily equally well. The maltogenic a-amylases prefer CDs and hydrolyse b-CDs (seven glucose units) *100 times faster than starch or pullulan [70] . Their main product from hydrolysis is maltose. By contrast, GH13 aamylases having strict endo-activity towards a-1,4-linkages cannot hydrolyse CDs or pullulan. GH13_20 maltogenic amylase, moreover, attacks a-1,4-linkages much more efficiently than a-1,6-linkages [71] . Most of the characterised GH13_20 enzymes catalyse transglucosylation besides their glucosidase activity [68] . One of the outliers among the characterised GH13_20 enzymes is the structure-determined Nostoc punctiforme enzyme, which prefers longer malto-oligosaccharides ([G8) and performs hydrolysis without transglucosylation or CD-hydrolysing activities common for the GH13_20 enzymes [72] . Dimerisation has been shown for a number of GH13_20 enzymes to be indispensable for activity [69, [72] [73] [74] [75] and some exist in a monomer/dimer equilibrium in solution [68] .
GH13_20 enzymes are also called pullulan hydrolases and divided into groups depending on specificity: pullulan hydrolases types I and II only hydrolyse a-1,4-linkages and not a-1,6-linkages in pullulan. The final product is either panose (of pullulan hydrolase type I) or isopanose (of pullulan hydrolase type II). Pullulan hydrolase type III is a unique enzyme capable of hydrolysing both a-1,4 and a-1,6 glucosidic linkages in pullulan, and its final reaction products are a mixture of maltose, panose, and maltotriose [76] .
Four GH13_20 have been structure-determined: a neopullulanase from Geobacillus stearothermophilus, aamylase 2 from Thermoactinomyces vulgaris R-47 (TVAII), cyclomaltodextrinase from Thermus sp. IM6501 and debranching enzyme from N. punctiforme (Table 1) .
Oligo-and glucan 1,6-a-glucosidases GH13_31 encompasses isomaltulose synthases (EC 5.4.99.11), a-glucosidases (EC 3.2.1.20), oligo-and glucan-a-1,6-glucosidases (EC 3.2.1.10 and 3.2.1.70). Oligoand glucan-a-1,6-glucosidases hydrolyse a-1,6-linkages but differ in substrate size preference: (1) glucan 1,6-aglucosidases (G16G) favour isomaltooligosaccharides (glucose units connected by a-1,6-linkages) longer than the disaccharide isomaltose and are active on dextran (a linear a-glucan composed of mainly a-1,6-linked glucose units) and (2) oligo-1,6-a-glucosidases (O16G) prefer short isomaltooligosaccharides and have highest activity on isomaltose, but are inactive on dextran. Each type of enzyme is highly selective and shows little or no activity for other than a-1,6-linkages [77] . The GH13_31 members are unique in a-glucan debranching, since they primarily act on the linear a-glucan, dextran, but in addition can hydrolyse the a-1,6-linkage in panose [a-D-Glc-(1,6)-a-DGlc-(1,4)-D-Glc] [78] . Pullulan, starch, or starch derived oligosaccharides are not hydrolysed by GH13_31 enzymes. Crystal structures are available of oligo-and glucan-a-1,6-glucosidases from Bacillus cereus (O16G), Lactobacillus acidophilus (G16G), and Streptococcus mutans (G16G) ( Table 1) .
Carbohydrate binding modules (CBMs) in relation to a-glucan debranching enzymes
A CBM is defined as a contiguous amino acid sequence within a carbohydrate-active enzyme with a discrete fold having carbohydrate-binding activity (http://www.cazy. org/Carbohydrate-Binding-Modules). The consensus function of such auxiliary domains is to bind polysaccharides and bring the catalytic domain in intimate contact with substrate, thus advancing carbohydrate hydrolysis. CBMs are grouped into 71 families according to CAZy [4] and possess a range of polysaccharide binding specificities. Several N domains in a-glucan debranching enzymes have been identified as CBMs. Carbohydrate binding of most of the N-terminal domains has not been verified experimentally, but they share fold with functionally characterised CBMs [79] . The recognition of polysaccharides by CBMs plays a role in relation to metabolism, pathogen defence, polysaccharide biosynthesis, virulence, plant development, etc. [80, 81] . In PULIs, CBMs are shown to be important for substrate specificity and catalytic efficiency [82] .
Various CBMs occur in a-glucan debranching enzymes, especially PULIs and PULIIs contain several different CBMs. The most prevalent CBMs among PULIs and PULIIs of GH13_12-14 are CBM41 and CBM48. Recently, one of the N-domains associated with GH13_14 enzymes (previously known as X45) was classified to the new family, CBM68 (Fig. 2) [83] . GH13_12-14 members also have N domains with unknown function in addition to known CBMs. An N-terminal domain of barley limit dextrinase (PULI) from GH13_13 resembles a CBM21 starch-binding domain based on structural homology (Fig. 2) [79] . The N domain of a sorghum limit dextrinase has surprising impact on digestibility of sorghum starch [84] . GH13_11 enzymes have only one CBM, CBM48 is also seen in the pullulanases (Fig. 2) . According to CAZy, all GH13_39 have a CBM34 some even have two, other associated CBMs differ among GH13_39 members. CBM20 is thus found in characterised GH13_39 enzymes. The G. stearothermophilus GH13_39 even has a CBM48 [4] , and GH13_39 members have an N-domain (X25/N1) that resembles the N domain in the structure of Bacillus acidopullulyticus GH13_14 PULI for which there is a structure (Fig. 2) . N-terminal truncation of G. thermoleovorans GH13_39 PULII_I revealed this N domain to be important in starch binding. Based on conserved amino acid residues at starch binding sites (SBSs) 1 and 2 of this domain, a relationship was suggested to CBM20, CBM48 and CBM69 [52] . Finally, some GH13_20s have CBM34 and GH13_31 enzymes lack CBMs. Generally, GH57 PULII_Is do not have CBMs, although two GH57 PULII_Is have two CBM20s (ACR80150 and AEX85885) [4, 85] , and one GH57 PULII_I is annotated to have two CBM48s (ABR30664) [4] .
CBM20
The CBM20s are known as classical C-terminal starch binding domains in microbial glucoamylases and amylases, and it is one of the most thoroughly studied CBM families (see [85, 86] for reviews). CBM20 is mainly associated with starch-active proteins from GH families 13, 14, 15, and 77, but a few more GH families (14, 31, 57, 97, and 119) also contain CBM20. Furthermore, CBM20 is found in glucan phosphatases like the mammalian laforin and starch-excess protein-4 (SEX4) required for normal aglucan breakdown, and the two starch phosphorylating enzymes glucan, water dikinase and phosphoglucan, water dikinase [4, 85, 87] . CBM20s have two sites capable of binding granular starch [85, 88, 89] . In a very recent study of GH13_39 PULII_I from T. pseudoethanolicus (ABY95795) the CBM20 lacked SBS2, showing that the presence of two starch binding sites is not a must for CBM20 function, since this specific domain still affects the T. pseudoethanolicus PULII_I activity on amylopectin and starch granules [90] .
None of the CBM20s associated with a-glucan debranching enzymes have been structure determined, but CBM20 structures are solved of enzymes from 14 organisms representing six different enzyme specificities: bamylase (GH14; EC 3.2.1.2), b-cyclodextrin glucanotransferase (GH13_2; EC 2.4.1.19), maltogenic a-amylase (Novamyl; GH13_2; EC 3.2.1.133), glucoamylase (GH15; EC 3.2.1.3), laforin, and glycerophosphodiester phosphodiesterase [4] . These include the NMR structure of Aspergillus niger glucoamylase CBM20 in complex with b-CD (PDB entry 1AC0) having two structurally and functionally independent binding sites. It is proposed that the first is for initial starch recognition, whereas the second site has higher carbohydrate affinity and locks CBM20 into place. A model structure showing two a-glucan chains bound to CBM20 in perpendicular orientation, suggests that the CBM20 may force starch strands apart, thus increasing the surface accessibility or localise the enzyme to non-crystalline areas of the starch granule [89] . Recently, CBM20 of human ''starch-binding domain-containing protein 1'' was found to be important for the protein stability and ability to interact with glycogen-associated proteins like glycogen synthase, glycogen debranching enzyme and laforin [90] . The ''starch-binding domaincontaining protein 1'' is able to bind glycogen, and its CBM20 has been demonstrated to bind amylose [90] .
CBM34
CBM34 has only been found associated with GH13 and GH77 proteins. Six CBM34 structures are solved: two in aamylases from T. vulgaris R-47 (TVAI, GH13_21; TVAII, GH13_20, Table 1 ), one in amylase from Pyrococcus furiosus (no GH13 subfamily; PDB entry 4AEF) [91] , and three in GH13_20 enzymes from Bacillus, Geobacillus and Thermus ( Table 1 ). The CBM34 and CBM21 b-sheets share topology [92] . Raw starch-binding has been demonstrated in the case of the N-terminal domain of T. vulgaris a-amylase TVAI. The crucial Trp65 [93] of TVAI has no obvious counterpart in TVAII despite pronounced sequence similarity with the TVAI N domain [93] . However, the N domain of TVAII has been shown to play an essential role in activity as well as dimer formation [93] .
CBM41
CBM41 is only found with GH13 pullulanases. The tandem CBM41s of PULIs from streptococci are well described and attach the bacterium to glycogen reserves in alveolar cells enabling polysaccharide degradation by the pathogen; hence these CBM41s are referred to as virulence factors [94] . Remarkably, one of the two CBM41s in the N-terminal region of Streptococcus pneumoniae pullulanase forms part of the active site, and has an important role in activity [82] . Both crystallography, small-angle X-ray scattering (SAXS) and truncation data support this CBM41-active site coupling. The second CBM41 and most distal to the catalytic domain (Fig. 2) is proposed to adhere to glycogen particles [82, 95] . Kinetic analysis of S. pneumoniae pullulanase lacking both the N-terminal domain and both CBM41s showed this truncated pullulanase to be roughly half as effective as wild-type in releasing maltooligosaccharides from glycogen, which is its in vivo function [82] . Furthermore, Streptococcus agalactiae pullulanase without the two CBM41s was less adhesive to human cervical epithelial cells than the fulllength enzyme, supporting that the carbohydrate binding motifs of the CBM41s mediate adhesion [96] . CBM41 in GH13_14 PULI from Thermotoga maritima (AAD36907) is also well-characterised member. It served as a model for CBM41 a-glucan binding as it was the first structure-determined CBM41 (PDB entry 2J72) [97] . It was shown to bind tightly to a-1,4-glucans, a-1,4-glucooligosaccharides, mixed a-1,4-1,6-glucooligosaccharides, and pullulan [82, 97, 98] . Two of the PULIs have been structure-determined with maltooligosaccharides bound to their CBM41(s) (PDB entries 2YA1, 2FHC, and 2FHF; Table 1 ).
CBM48
CBM48s and the starch-binding CBM20 (see above) are closely related, but CBM48s has only one SBS (corresponding to CBM20 SBS1), whereas CBM20 generally has two SBSs [85] . CBM48 is mostly seen in GH13 subfamilies acting on branched substrates: glycogen and starch branching enzymes (GH13_8-9), GDEs and ISAs (GH13_11), PULIs and PULIIs (GH13_12-14), and cyclomaltodextrinases (GH13_20) [99] . Furthermore, CBM48s are also present in GH10, 26, 43, 57 and 77, in the b-subunit (glycogen-binding) of AMP-activated protein kinases, and in the glucan phosphatase SEX4 [4] . The CBM48s from AMP-activated protein kinases are among the best studied [100] [101] [102] . Crystal structures of AMP-activated kinase (PDB entry 1Z0M) and starch phosphatase DSP4 (PDB entry 4PYH) showed glucan binding to CBM48 [100, 103] . A recently characterised CBM48 forms a part of Arabidopsis Protein Targeting to Starch (PTST) required for amylose biosynthesis. The CBM48 mediates interaction of PTST with starch granules, and also secures correct localisation of granule-bound starch synthase (GBSS) in Arabidopsis [104] .
In most CBM48s from GH13_11-14, the residues predicted to constitute the canonical SBS1 are not unambiguously conserved. Indeed, carbohydrate binding to CBM48 from ISA, GDEs, and pullulanases has not been demonstrated experimentally, but CBM48s from these enzymes possess a conserved tryptophan corresponding to Trp563 of the CBM20 SBS2 site in A. niger glucoamylase, suggesting that these sequences may be intermediates between CBM20 and CBM48 rather than being CBM48 [85] . By contrast, CBM48 of branching enzymes binds glucans in crystal structures, thus maltopentaose is accommodated by CBM48 of rice branching enzyme (PDB entry 3VU2). The occupied binding sites were shown to be conserved in other starch branching enzymes [105] . Likewise, the crystal structure of the E. coli branching enzyme solved in complex with maltooligosaccharides (PDB entries 4LQ1 and 4LPC) had maltose bound to its conserved CBM48 SBS [106] .
CBM68
Recently, GH13_14 Anoxybacillus PULI was realised to contain a new N-terminal CBM [83] classified as CBM68 in CAZy [4] . Its binding function is deduced from crystal structures; CBM deletion caused reduced thermostability and specific activity, and increased K m [83] . Two Anoxybacillus structures (PDB entries 3WDI and 3WDJ) had parallel bound maltooligosaccharides accommodated close to each other between the N-terminal and the catalytic domains. These structures elicited assignment of the N-terminal domain as CBM68 with specificity for maltotriose and maltotetraose [83] , and in B. acidopullulyticus GH13_14 pullulanase the N-terminal domain previously known as X45 was classified as CBM68 [4] . CBM68 has so far only been seen in pullulanases, at present in 206 sequences [4] .
a-Glucan debranching enzyme similarities and differences at sequence and structure level
Phylogenetic analysis
Phylogenetic analysis of GH13 a-glucan debranching enzymes shows that PULIs in subfamilies GH13_12-14 are closely related with GH13_13 and 14 enzymes forming their own cluster (Fig. 3) . In more detail, GH13_12 PULIs cluster together with GH13_12?41 PULII_IIs, and it seems plausible that GH13_12?41 and GH13_14?41 PULII_IIs evolved from a PULI by gene fusion, although there is currently no additional support for this hypothesis. The GH13_11 cluster is well-defined, adjacent to the PULI clusters, and slightly more distantly related to GH13_31. The GH13_39 PULII_Is cluster together with the GH13_20 sub-cluster. The analysis also shows that GH13_31 and GH13_20 enzymes are distantly related. Clearly, GH13_39 PULII_Is, however, are more closely related to GH13_20 enzymes, which, like GH13_39 enzymes, have one active site for hydrolysing both a-1,4-and a-1,6-linkages. GH13_20 enzymes, however, in general prefers a-1,4-over a-1,6-linkages, while enzymes of GH13_39 show the opposite trend. Based on this phylogenetic analysis, we suggest that GH13_39 PULII_Is being intermediates of GH13_20 having dual bond-type specificity, and GH13_31 of strict a-1,6-specificity. GH13_39 PULII_Is evolutionary are also more evolutionarily related to GH13_20 enzymes than to GH13_12-14 pullulanases in accordance with their associated CBMs, thus CBM34 are found with both GH13_20 and GH13_39 and is not found with GH13_12-14 enzymes. Finally, the phylogenetic analysis showed GH57 PULII_Is as distantly related to GH13_13 and GH13_14 PULIs (Fig. 3) . The different folds and the fact that there are no conserved sequence motifs shared between the GH57 and GH13 enzymes make joint phylogenetic analysis of these GH families futile.
Structure based comparison of a-glucan debranching enzymes
Comparison of overall structures of six a-glucan debranching GH13 subfamilies shows obvious differences with regard to number and types of non-catalytic domains (Fig. 2) , but variation is also seen between the subfamilies in the catalytic domains around the active site (Fig. 4) . GH13_11-14 and GH13_20 enzymes have an open cleftshaped active site, as opposed to a closed pocket-shaped active site is seen for the exo-acting GH13_31 (Fig. 4) . The architecture of the active sites defines size and structure of the preferred substrates; even small differences in the curvature of the cleft-shaped active sites can define optimal lengths of substrate main chains and branches. Such differences within and between subfamilies are discussed intensely in the literature on crystal structures of GH13_11-14 enzymes [16, 19, 30, 36, 107] for example in search for an explanation of GH13_11 enzymes having no or very low activity on pullulan. Superimposition of a GH13_13 structure in complex with a pullulan fragment with the GH13_11 structures shows it has an active site loop at the minus subsite region (glycon binding) that sterically hinders binding of the staircase-shaped pullulan (Fig. 4a) . Closer inspection of all a-glucan debranching enzyme structures with substrates or products bound at the active site makes it clear that orientation and position of the ligands vary significantly among the subfamilies. Only the glucose unit bound at subsite -1 superimposes well across subfamilies (Fig. 5a) . However, not all subfamilies are represented by structures where both the plus (aglycone binding) and minus subsites, i.e. both sides of the cleavage site, are occupied by ligand. PULI subfamilies 12-14 have superimposing glucose units at subsites ?1 and ?2 in addition to subsite -1, illustrating their close relationship. The lonely glucose unit bound in subsite ?2 of the C. reinhardtii ISA (PDB entry 4OKD) and S. solfataricus GDE (PDB entry 2VR5) of GH13_11 also superimposes with glucose units in GH13_12-14 structures. The plus subsites of the barley PULI have been proposed to be highaffinity subsites, while branch binding minus subsites are proposed to be of low-affinity [36] .
Conserved regions
The a-glucan debranching enzymes are a relatively heterogeneous group when it comes to substrate specificity and preference. However, in spite of their mutual differences certain amino acid residues around the active site are conserved at positions defining the classical conserved sequences in GH13 (regions I-IV [6] , Fig. 6 ). These motifs are to some extent useful to distinguishing the GH13 subfamilies. A great number of mutational studies are published on the importance of residues conserved among GH13 enzymes and within subfamilies. Here the focus is on residues important for modulating a-1,6-activity or for discriminating individual a-glucan debranching GH13 subfamilies where structure-determined enzymes serve as examples.
Region I is not interacting directly with ligands in the active site, but mutational analysis of the histidine has shown that it is essential for catalytic activity for a GH13_13 PULI from Klebsiella [108] .
Region II harbours the catalytic nucleophile and even though the primary structure appears to differ considerably at certain positions, when comparing all structures of GH13 debranching subfamilies, a very strict conservation of the spatial position of not only the backbone, but also the rotamers of the varying residues make these superimpose perfectly (Fig. 5b) . The valine (Val195) next to the catalytic nucleophile (Fig. 5b, c) was shown by mutational analysis to be important for the a-1,6-activity of the GH13_31 enzyme from S. mutans (PDB entry 2ZIC), since the corresponding alanine mutant changed specificity to a-1,4-activity [109] . Additionally, a lysine (Lys275) in region III and a glutamic acid (Glu371) Fig. 3 Phylogenetic tree including enzymatically characterised enzymes from GH13 a-glucan debranching subfamilies (see Figure S1 for associated multiple sequence alignment). The phylogenetic tree was made using the maximum likelihood method in MEGA6 [159] , and it was based on a multiple protein sequence alignment including the catalytic domain of biochemically characterised enzymes from GH13_11 (nine sequences), GH13_12 (5, including two assigned as well to GH13_41), GH13_13 (8), GH13_14 (14) , GH13_20 (12), GH13_31 (9), GH13_39 (10), and GH13_41 (44-i.e. all available sequences assigned to this subfamily having a pullulanase domain), which was built using muscle in MEGA6 [159] . The catalytic domains were extracted based on CDD domain assignments (AmyAc_Glg_debranch, AmyAc_Pullulanase_LD-like, AmyAc_CMD, AmyAc_SI_OligoGlu_DGase) [15] , while only the pullulanase catalytic domains were included in the case of PULII_IIs Structure and function of a-glucan debranching enzymes 2631 outside the active site were shown to be central structural elements in the recognition of a-1,6-glucosidic linkages [109] . The valine of region II was also important for the preference for a-1,4-and a-1,6-glucosidic linkages of the GH13_20 T. vulgaris TVAII (PDB entry 1BVZ). Mutation to alanine altered the linkage preference from a-1,6-to a-1,4-linkages [110] . Comparison of representative structures from a-glucan debranching GH13 subfamilies with that of a Bacillus subtilis a-amylase (GH13_28) with a maltopentaose molecule spanning the catalytic site (PDB entry 1BAG) clearly shows that the position equivalent to Val195 of S. mutans will constrain linkage type variability with respect to the subsite -1 and ?1 linkage: a small amino acid like alanine, found in aamylases, gives the spaciousness needed for the short and rigid a-1,4-linkage, whereas, increased size of the amino acid in position 195 makes it harder to accommodate an a-1,4-linkage (Fig. 5c) . The a-1,6-specific PULIs have large amino acids like methionine or leucine at this position, while GH13_20, GH13_31, and GH13_39 have the smaller valine (Fig. 6 ). Region III forms subsite ?2 and harbours the general acid/base catalyst. This region has been suggested to be important for substrate binding in PULIs, especially the tryptophan that stacks with the glucose unit in subsite ?2 was proposed to be critical (Fig. 5d) [36] . This tryptophan is conserved in the different subfamilies (Fig. 6 ), but due to (f) Superimposition of region VII of all GH13_11 structures (cyan sticks) and representative GH13_12-14 structures (PDB entries 2YA0, 4AIO, and 2E8Y; orange sticks) including the pullulan fragment from PDB entry 4J3X (limon sticks) and the maltoheptaose from PDB entry 4OKD. All structure visualisations were made using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC) variation in the loop positions of GH13_20 and GH13_31 structures it clashes with ligands accommodated in GH13_13 structures where an a-1,6-linkage is spanning the catalytic site. Kuriki showed that mutation of an isoleucine adjacent to the conserved tryptophan in GH13_20 from Bacillus stearothermophilus (PDB entry 1J0H) modulated a-1,6-activity ( Fig. 5d) : the isoleucine to tryptophan mutant had reduced a-1,6-activity, while replacement with valine increased the a-1,6-acitivity [111] . The tryptophan of the GH13_31 enzyme from S. mutans (Trp238) was shown by mutational analysis to be very important for hydrolytic activity especially on long chain substrates [112] . Moreover, from a structure comparison of the four structure-determined GH13_11 members it is seen that GH13_11 structures vary in region III. Thus loop following the general acid/base of the GDE from S. solfataricus has a completely different direction (Fig. 5d) .
The backbone of region IV superimposes perfectly despite differences in amino acid residue types at some positions (Figs. 5e, 6 ). Region IV harbours the aspartate that functions as transition state stabiliser, which shows rotamer variation among different GH13 structures (Fig. 5e) depending noticeably on the absence or presence of ligand [36] . By contrast, the invariant histidine in region IV is crucial for activity [108] forms part of subsite -1 and adopts the same rotamer in all the structures (Fig. 5e) . Furthermore, at region IV, the tyrosine in GH13_12-14 PULIs (Fig. 6) is on average 4.5 Å from the glucose unit at subsite ?1. Remarkably, this tyrosine ring superimposes with the aromatic ring of the equivalent histidine in GH13_11 (Fig. 5e) .
In addition to the four classical conserved GH13 regions, region V is proposed to define subfamilies GH13_20 and GH13_31, GH13_20 having an MPKln and GH13_31 a corresponding QpDln motif in this region (Fig. 6) . Enzymes with MPDLN are suggested to create an intermediary group having diverse enzyme specificity of a-amylase, cyclomaltodextrinase and neopullulanase [77, 113] .
Regions VI and VII are suggested as signature regions of ISAs, PULIs and PULIIs [114] [115] [116] [117] [118] [119] . Region VI was noted to distinguish ISAs and pullulanases: ISAs having VIYEVHVRG and PULIs IYELHIRDFS [114] . It is a part of the core of the (b/a) 8 -barrel and not in the active site, but c Fig. 6 Sections of a structure-guided multiple protein sequence alignment including all structures mentioned in Table 1 and the catalytic pullulanase domain from GH13_12 of selected characterised PULII_IIs from and GH13_39 PULII_Is (see Figure S2 for full alignment). The order of the protein sequences is as aligned by the applied Promals3D alignment algorithm. The consensus structure of the catalytic domain (grey ribbon; catalytic residues are shown as sticks) was generated based on the structures included in the alignment using MAPSCI [160] . Regions I-IV refer to the four conserved motifs of all GH13 proteins [6] . Regions V-VII are additional specificity motifs. The general motifs are given below regions I-IV: X, usually a hydrophobic residue; B, usually a hydrophilic residue; Z, a residue important for specificity [6] . The catalytic residues are indicated by asterisks, while green dashed boxes indicate residues of special interest and mentioned in the discussion. The structure guided alignment was generated using Promals3D [161] and visualised using ESPript 3.0 [162] interacts directly with region VII that generally forms a part of subsite -2. Different signature motifs of region VII have been suggested: YNWGYDP (PULI) and NYWGY (ISA) [114] ; -NWGY-(PULIs) and -NH(K/R)Y-(PULIIs) [118, 119] . Based on a multiple sequence alignment only, including the catalytic domains of PULII_Is and PULII_IIs these motifs should be further specified clearly, as PULIs and PULII_IIs both have -NWGY-while -NH(K/R)Y-is signature motif for GH13_39 PULII_Is [43] . There are exceptions, however, thus PULII_IIs can thus possess the signature motif of a PULI. This correlates with the fact that the pullulanase domain of PULII_IIs is phylogenetically similar to PULI domains (Fig. 3) . Comparison of region VII from PULI, ISA, and GDE structures shows the tryptophan and the second tyrosine to superimpose very well for these members of different subfamilies, and that the aromatic ring of the first tyrosine residues in the sequence motif VII motif superimpose despite a shift of one residue (Fig. 5f ). The major difference between PULIs and GH13_11 enzymes in this region is the interplay of the asparagine and the aspartic acid of the PULIs, which interact with each other as well as with the glucose unit in subsite -2 and even a terminal glucose unit in the pullulan fragment (PDB entry 4J3X). In the GH13_11 enzymes, the asparagine makes contact with the glucose unit in subsite -2.
Biological function and industrial application of a-glucan debranching enzymes
Most a-glucan debranching enzymes serve in mobilisation of energy in eukaryotes, archaea and bacteria by degrading the storage carbohydrates glycogen and amylopectin. aGlucan debranching enzymes, however, have also been shown to participate in biosynthesis of the a-glucans. Thus in plants debranching is required to modify the structure of the growing amylopectin molecule to a more ordered structure, which as a consequence promotes the formation of crystalline amylopectin regions essential to the integrity of the starch granule [120] . All plants characterised to date contain two conserved types of starch debranching enzymes; PULI (in plants called limit dextrinase) and ISA of which at least three genes (ISA1-3) are found [121] . ISA and PULI appear to be conserved separately during evolution of prokaryotes and higher plants, and these enzymes are more closely related to a bacterial counterpart than to the other type of plant debranching enzyme [121] . The physiological function of ISA in starch biosynthesis is well-established based on mutants deficient in one or more ISA isoforms in barley [122] , Arabidopsis [123] [124] [125] , maize [126] , and rice [127] [128] [129] [130] . Generally, ISA is assumed to catalyse editing of excessively branched chains or removal of improper branches formed in biosynthesis of amylopectin by branching enzymes to achieve the cluster structure of amylopectin [131] [132] [133] . These studies show that lack of ISA results in production of the disordered water-soluble polysaccharide, phytoglycogen, that resembles glycogen and lacks the structural features of amylopectin that allow formation of crystalline regions in starch granules.
Compared with ISA, the role of the limit dextrinase (PULI) in starch biosynthesis is less well-established. However, besides during germination, substantial PULI activity has been detected in developing rice and maize endosperms [114, 134] , and the presence of mRNA for barley limit dextrinase was found in this stage of the plant lifecycle [135] . PULI is thus proposed to participate in starch synthesis in rice, maize and Arabidopsis [121, 124, 129] . Mutational studies of the starch debranching enzymes in higher plants however, display distinct and slightly different expression profiles of mutant phenotypes leading to contradictory interpretations. One explanation for these small, albeit significant differences could be some level of functional overlap of the various starch debranching enzymes. If the balance between the starch debranching enzymes or their degree of functional redundancy varies from species to species these small differences might explain the apparent contradictory observations [124] .
Bacterial pullulanases are often extracellular being either secreted or attached to the cell surface [136] . Besides the importance for degradation of a-glucans into maltooligosaccharides, to be transported into cells to enter the intracellular energy metabolism, the extracellular pullulanases can have another role: PULIs from Streptococcus were shown to be so-called virulence factors that facilitate binding of streptococci to host mucus, e.g. in lungs. As already mentioned it is the CBM41s, which contribute to binding of cell surface attached pullulanases to the epithelial mucus layer [94, 96] .
Industrial application
Industrial use of a-glucan debranching enzymes comprises two areas: degradation of starch into glucose, maltose, and maltodextrins and production of carbohydrates with new functions. Starch is a major raw material for the brewing industry and in the manufacture of various products such as bio-ethanol, coating agents in the paper industry, antistaling agents, and sugar syrups. Debranching enzymes play a key role together with the amylases in these industrial processes. Starch saccharification at very high rate and at low temperature is attractive for commercial food, feed and fuel production. To this end, well-known high rate ethanol producers like Saccharomyces cerevisiae with high ethanol tolerance have been complemented with glucoamylases and a-glucan debranching enzymes to achieve the saccharification and debranching needed for complete hydrolysis of starch to ethanol by S. cerevisiae [137] . Furthermore, a-glucan degrading enzymes are prominent additives to detergents, where they function to remove starch stains from cloth. Due to the industrial importance of a-glucan debranching enzymes several review articles focus on this topic [37, [138] [139] [140] [141] . Especially enzymes from thermophilic and mesophilic organisms received much attention in relation to industrial applications, due to their high stability under extreme temperature and pH conditions ensuring robust industrial processes [142] .
GH13_20 enzymes play a role in relation to production of carbohydrates with new functions, e.g. of linear or cyclic oligosaccharides proposed to have prebiotic properties [143, 144] . An emerging biotechnology could involve engineering of the repertoire of a-glucan debranching enzymes in plant for modification of starch structure and large-scale production for more or less easily digestible food and feed. This approach for utilisation of the industrial potential of a-glucan debranching enzymes is still in its infancy.
Conclusions
The present review emphasises that a-glucan debranching enzymes are a diverse group of enzymes, with remarkable differences and similarities currently found in GH13 subfamilies and GH57. The first PULI crystal structure solved a decade ago is today complemented by a very valuable knowledge-base of both free and carbohydrate complexed structures, including the first branched substrate complex structure, that is the key to understanding the relationship between structure and function for a-glucan debranching enzymes. But important enzyme types remain to be structure-determined. The phylogenetic analysis presented here indicate that GH13_39 is a missing link between the strict a-1,6-acting PULIs and pullulan hydrolases with dual a-1,4-and a-1,6-linkage specificity, which draws special attention to the fact that novel structures of GH13_39 and GH57 PULII_Is are lacking.
The many new structures have made it possible to decipher a-1,6-bond type specificity versus a-1,4-bond type specificity and identify sub-structures and sequence motifs that functionally differentiates the various types of a-glucan debranching enzymes. These sub-structures and sequence motifs can serve as inspiration for enzyme design but novel structures of a-glucan debranching enzymes and/ or complementary data are needed to add enough detail to the activity and specificity knowledge to allow enzymes of potential industrial relevance to be rationally engineered.
